Introduction
The field of nanotechnology has emerged as an important and commercially viable technology with wide-ranging applications [1] [2] [3] [4] [5] [6] [7] . Nanotechnology uses particles of 1 billionth of a meter in size (equivalent to 7 hydrogen atoms placed side by side) [6] . Nanoparticles are typically sized between 1 and 100 nanometers. Particles of this size have high surface to volume ratios and can be used for delivering drugs, imaging agents, and penetrate areas inaccessible to larger molecules [1] [2] [3] [4] [5] [6] [7] . Apart from medicine, nanomaterials have also been used for applications as diverse as sunscreen blockers, cosmetic stabalizers and enhancers, electronics and sporting goods. While nanoparticles can perform a wide variety of functions, there has been increasing concerns and debate amongst the regulatory and scientific community regarding the fate of nanoparticles in biological systems and associated side effects these agents might have on living organisms [8] [9] [10] .
Nanomedicine is growing its importance due to ability to improve therapeutic efficacy and imaging capabilities. An ideal nanoparticle based cancer therapeutic or imaging agent would: (a) rapidly detect tumor cells; (b) load one to multiple cancer drugs; (c) deliver agents rapidly to cancer cells; and, (d) be capable of measuring treatment efficacy in real time. Nanoparticles offer several advantages for cancer drug delivery compared to classical drugs [3, 6, 11, 12] . Advantages include: (a) prevention of degradation of the package such as siRNA; (b) ability to deliver higher concentrations of a drug by masking to reduce compound toxicity; (c) targeted delivery of the drug; and, (d) time dependent release of encapsulated agents [13, 14] . This review focuses on natural and synthetic nanoparticles used for drug delivery and imaging, emphasizing the toxicological aspects of each to consider prior to selection for particular applications. Methods of assessing toxicity are addressed, focusing on current limitations. Finally, major unanswered questions regarding nanotoxicity are delineated.
Nanotechnology Based Drug Delivery Systems
Nanotechnology based drugs, also know as nanodrugs, are nanosized materials made-up of natural or synthetic polymers. Nanodrugs have been developed and tested for diagnostic and therapeutic applications including detection as well as prevention or treatment of various cancer types [15] . Additional applications of nanotechnology-based drugs include use in biotechnology, healthcare, pharmaceuticals, drug delivery and skincare [2, 3, 11] . Natural and synthetic polymers such as liposomes, dextrans, poly(lactic-co-glycolic acid) (PLGA) and dendrimers have been used to prepare a wide variety of nanocarriers for delivering therapeutic and imaging agents [16] [17] [18] [19] [20] [21] [22] . Likewise carbon nanotubes, metal based (gold and silver nanoparticles / nanoshells), metal oxide based (superamagnetic nanoparticles) and semiconductor based nanoparticles such as quantum dots are also used for various clinical applications [2, 3, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] (Table 1) . Even though emphasis of this review is to evaluate the efficacy and safety of nanotechnology based drugs for detection and treatment of cancers, efforts also have been made to address physicochemical properties causing toxicity and methods for determining nanoparticle associated toxicity (Figure 1 ). The physicochemical properties of nanoparticles are due to highly reactive surfaces, chemical composition, solubility, shape, size and aggregation [8].
Lipid based nanoparticles
2.1.1. Liposomes-Among several non-biological lipid based carriers, liposome's are widely used as delivery vehicles for carrying agents that inhibit survival of cancers of the kidney, lung, liver, prostate and skin [35] . Bangham and his co-workers in 1965 first prepared liposomes, which were called bangosomes containing entrapped solutes [14, 36] . Liposomes have several advantage over many other nanodelivery systems by being less toxic and having a high therapeutic index [37] . Liposomes are a lipid bilayer composed of amphipathic phospholipids consisting primarily of phosphotidyl cholines (PC, also called lecithins) that enclose an interior aqueous space [14, 38] . Structurally a PC molecule is made up of a head group, glycerol backbone and fatty acyl chains. The head groups of PCs are usually modified to introduce functional groups such as maleimide, which can facilitate conjugation to antibodies or other ligands, and/or polymerizable moieties to generate stable liposomes [39] . The glycerol backbone of PCs can be modified by converting carbonyl ester bonds into either ether or carbamyl esters, which help increase stability and in vivo circulation times [14] . Recent liposome preparations have included PEGylated lipids to bypass the reticulo-endothelial system and promote accumulation in tumors [40] . Based on net charge, liposomes are categorized into cationic, anionic and neutral nanoparticles [37, 39] . Clinical applications of liposomes and toxicological limitations associated with each category are discussed in the paragraphs below.
Cationic liposomes:
Felgner and his co-workers were the first to prepare cationic liposomes in a formulation called Lipofectin, which was the prototype cationic liposome for delivering DNA into mammalian cells [39, 41] . Lipofectin, made by sonicating equal amounts (by weight) of a synthetic cationic lipid N-[1- (2, 3,-dioleyloxyl) propyl]-N,N,Ntrimethylammonium chloride (DOT-MA) and a fusogenic lipid dioleyl phosphatidylethanolamine (DOPE), is a 50 to 200 nm liposome used to deliver DNA [39, 41] . In general, cationic liposomes consist of an amphipathic cationic lipid, with or without DOPE. The percentage of DOPE varies from 0 to 50% and functions to assist in releasing DNA by destabilizing the endosome once the liposome is taken into cells [39] . Liposomes without DOPE were found trapped in endosomes and lysosomes, resulting in to low transfection efficiencies [39, 42] . Therefore, DOPE is a critical component that influences transfection efficiency of a liposomal formulation [39] . Mechanistically, cationic liposomes deliver loaded DNA by interacting with negatively charged cells [39] . Following binding to cells, the liposome complex releases DNA into cells. However, recent studies have shown other mechanisms, such as adsorption-mediated endocytosis for cationic liposomal DNA delivery [14] .
Cationic liposomes designed to express or lower protein levels of a gene of interest are generally prepared by simply combining positively charged liposomes with DNA or siRNA in order to complex the reagents leading to a structure having an overall positive charge [43] . Cationic liposomes are efficient gene or siRNA delivery vehicles yielding high transfection efficiencies and provide coupling points for conjugating to antibodies, ligands or aptamers [14] . Additional features making cationic liposomes of interest as delivery vehicles are: (a) ease of preparation and transfection procedures; (b) high percentage of nucleic complexing with liposomes; (c) lack of size limitation or packing protein requirements for encapsulating DNA or siRNA; (d) ability to transfect many cell types with high transfection efficiencies; (e) commercial availability; and, (f) lack of immunogenicity, enabling safe and repeated administration [14, 37] .
Neutral nanoliposomes:
One of the most important applications of neutral liposomes is for siRNA delivery [14, 39] . Neutral nanoliposomes are not toxic to normal cells such as fibroblasts or hematopoietic cells, making them potentially clinically useful [18, 44] . Liposomes developed using neutral 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) deliver siRNAs more effectively into tumor cells than cationic liposomes (DOTAP) or using naked siRNA [45] . Intravenous or intraperitoneal injections of DOPCnanoliposomes incorporating siRNA resulted in substantial knockdown of EphA2, FAK, neuropilin-2, IL-8, Bcl-2 as well as reduction in tumor size in mice [42, 46, 47] . Systemic administration of DOPC nanoliposomes (150 μg / kg body weight, i.v.) containing siRNA targeting EphA2 in combination with paclitaxel (5 mg / kg body weight) inhibited ovarian cancer tumors more effectively compared to non-targeted siRNA or paclitaxel alone [39] .
Clinical advantages and toxicological considerations when planning to
use liposomes-Liposomes have been used as pharmacological and genetic agent carriers with unique advantages including: (a) protecting drugs or siRNA based therapeutic agents from degradation; (b) targeting to site of action through ligand peptide or antibody conjugation; and, (c) little toxicity or side effects [48] . In addition, since phospholipids used in the preparation of liposomes, such as phosphatidylcholine and phosphatidylethanolamine, also present in natural cell membranes, liposomes are the ideal candidates for preparing biocompatible and biodegradable carriers [18] . Liposomes can enhance half-life of various therapeutic agents [49] . For example, half-life of doxorubicin in blood is ∼5 minutes [50] . However, the elimination half-life is increased to 20 -30 hours with an area under curve >60 fold when incorporated in liposome [51] . Furthermore, liposomes are known to reduce side effects of many agents by specific delivering the drug to the cancer cell; therefore, toxicity of various drugs by enhanced targeted delivery of cytotoxic drugs to solid tumors [44, 48] . Liposomal doxorubicin, an FDA approved drug has been shown to inhibit both taxane-and platinum-sensitive and resistant recurrent ovarian cancers [52, 53] . In one study it was demonstrated that Doxil, as a single-agent, reduced recurrent ovarian carcinoma with a ∼25% response rate [54] . In another phase II open label study administration of 50 mg/m2, every 4 weeks Doxil yielded partial response in 7 of 34 (20.6%) advanced refractory epithelial ovarian cancer patients [53, 55, 56] .
Liposomes do have inherent problems hampering clinical utility, including: (a) low encapsulation efficiency; (b) leakage of water-soluble drugs in the presence of blood components; (c) aggregation and poor storage stability; (d) issues related to reproducibility; (e) difficulties concerning scaling-up for clinical evaluation; and, (f) toxicity [3, 57, 58] . Toxicity can occur primarily due to liposome composition, particle size or charge. Therefore, the lipid composition, formulation and charge of the liposomes should be selected to minimize potential adverse side effects. For example, cationic liposomes can interact with serum proteins, lipoproteins, and the extracellular matrix, leading to aggregation or release of agents that are loaded before reaching the target cells leading to systemic toxicity [46, 59, 60] . The chemical nature of constituents in the cationic liposomes is also a key factor that determines toxicity as they can act as surfactants and cause membrane solubilization, poration and lysis. Cationic liposomes due to the positive charge have been shown to cause liver damage, which would limit repeated dosing with agnets [60, 61] . Previous studies have shown that quaternary amines are more toxic and inhibit PKC (Protein Kinase C) activity (an indicator of transfection efficiency) compared to tertiary amines [39] . Cationic liposomes have also been shown to cause cellular influx and inflammation of lungs through reactive oxygen species induction [62] . Cationic liposomes can also lead to macrophages mediated toxicity following exposure of longer than 3 hours [63] . In conclusion the lipid chosen in a formulation are key when considering liposome use for particular applications. This can affect the toxicological aspects. For topical applications, cationic liposomes are useful but the positive charge can cause liver damage when used systemically over several weeks. Conjugating the cationic liposomes to a targeting moiety can reduce these concerns. For systemic applications a neutral formulation would be best linked to a targeting moiety to promote uptake.
An example of complications associated with liposomes is Doxil [52, 64] . Doxil is an FDA approved antineoplastic / cytotoxic anti-cancer chemotherapeutic agent made-up of liposomal doxorubicin [52, 65] . Doxil is used to treat AIDS-related Kaposi's sarcoma as well as cancers of breast, ovaries, and solid tumors [66, 67] . Doxil is known to cause irritation and induce symptoms such as flushing, shortness of breath, headache, back pain and low blood pressure [68] . Other side effects of Doxil experienced by ∼30% patients include, low blood counts, hand-foot syndrome (Palmar-plantar erythrodysethesia or PPE) including skin rash, swelling, redness, pain and peeling of skin on the palms and soles; and mouth sources [55, 56] . Side effects were prominent with four (10%) grade 4 toxicities, including severe dermatitis, leukopenia, and thrombocytopenia. Ten patients (24.4%) had Grade 3 Palmer Planter erythrodysesthesia [55, 56] . These side effects were attributed to the drug and liposome; therefore, both optimized to minimize toxicity related side effects when creating a nanoparticle for delivering a particular agent.
Polymer based nanoparticles
2.2.1. Dextrans-Dextrans are glucose polymers used for a wide variety of therapeutic applications. Dextrans are characterized by a very high content of a-1,6-glucopyranosidic linkages (95%) compared to1,3-linkages (5%) [21] . Dextrans of 40-70 kDa molecular weight have been used for delivering pharmaceutical agents as they: (a) are known to form well-defined repetitive chemical motifs; (b) soluble in water; (c) stable under acidic and basic conditions; (d) contain functional groups for derivatization; and, (e) protect drugs from degradation [21] . Furthermore, dextrans can be autoclaved and are amenable to chemical manipulations. Dextrans are made from high molecular weight, polydisperse native dextrans (molecular weight 10 7 to 10 8 ) by partial depolymerization using acid hydrolysis followed by fractionation [21] . Pharmacokinetic behavior of dextrans depends on physico-chemical properties mediated by the hydrophilic and lipophilic nature, molecular size, shape, flexibility and charge of the agents. For example, dextrans <70 KDa are rapidly eliminated one hour after injection, but those between 70 to 250 KDa exhibited prolonged circulation [69] .
Dextrans can be conjugated to pharmaceutical agents, hormones, growth factors, enzymes and imaging molecules by irreversible or reversible methods [69] . For example, dextranbased prodrugs containing nicotinic acid, naproxen, aspirin, ketoprofen, ibuprofen, diclofenac and indomethacin were synthesized by esterification for sustained release. Other methods used for conjugating drugs to dextrans include periodate oxidation, carbamate esterification, and cyanogen bromide activation [69] . Conjugation of drugs and enzymes to dextrans improve physico-chemical properties such as solubility and stability; and help delivering drugs at the site of action [21, 69] .
Clinical advantages and toxicological considerations when planning to use
Dextrans: One of the major hurdles hindering development of pharmacological agents for clinic use is lack of effective delivery methods. Therefore, non-toxic drug delivery vehicles for efficient delivery of therapeutic agents are urgently needed [21] . Additionally, dextrans carrying drugs have been developed to enhance the selective action of cytotoxic drugs. Dextran conjugated of sodium phenylacetate (NaPA) inhibits human 1205 Lu melanoma tumor development more effectively than NaPA alone [70] . Similarly, a dicarboxymethyldextran conjugate of cisplatin had longer half-life and better colon cancer tumor inhibitory activity than cisplatin alone [71] . Enhanced efficacy of dextran-based drugs is not only due to delayed excretion by the kidneys and reduced toxicity but also due to prolonged plasma circulation time. Doxorubicin conjugated to polymeric dextrans inhibited multidrug-resistant subclone KB-V-1 cell growth more effectively by being less toxic than the free doxorubicin [72] . Furthermore, dextran conjugates synergized with other anti-cancer agents [72] . Flurbiprofe, a nonsteroidal anti-inflammatory drug causes peptic ulcers, gastrointestinal disturbances and GIT bleeding. However, conjugating flurbiprofen with dextrans reduced gastrointestinal related side effects by improving the physico-chemical properties [73] . Dextran sulphate conjugates have also been shown to reduce nephrotoxicity of gentamycin [74] .
Side effects such as anaphylaxis, volume overload, pulmonary oedema, cerebral oedema, or platelet dysfunction have been reported for dextran, which can be serious [72, 75] . A rare but serious complication of dextran osmotic effect is acute renal failure [76] . Therefore, patients with history of renal insufficiency, diabetes mellitus, or vascular disorders should not be treated with dextran-based drugs. Generally, we consider these toxicological concerns minor and feel that the advantages of dextran out weigh these issues.
2.2.2.
Poly(lactic-co-glycolic acid) (PLGA)-For the past three decades, various synthetic and natural biodegradable polymers have been used for the preparation of nanoparticles for a wide variety of applications. These include therapeutic delivery devices for drugs and imaging agents in biomedical and pharmaceutics, which is due to the excellent biocompatibility, permeability and controllable biodegradability of these agents [77, 78] . Polyamides, poly(amino acids), poly(alkyl-α-cyano acrylates), polyesters, poly orthoesters, polyurethanes and polyacrylamides have been routinely used to prepare device for drug loading [79, 80] . The copolymer poly(lactic-co-glycolic acid) (PLGA) is the most common biodegradable polymers approved as a compatible biomaterial in humans and has been in use since the 1970s [81] . Poly(lactic-co-glycolic acid) is a copolymer synthesized by random ring-opening copolymerization of the cyclic dimers (1,4-dioxane-2,5-diones) of glycolic acid and lactic acid. For the preparation of this copolymer, tin (II) 2-ethylhexanoate, tin (II) alkoxides or aluminum isopropoxide are usually used as catalysts [82] . PLGA undergo hydrolysis of ester linkages in the presence of water resulting in original monomers lactic acid and glycolic acid, which are byproducts of various metabolic pathways in the body [80, 83] . Degradation time of the PLGA and the release kinetics of the active agent can be modulated by varying the ratio of molecular weight and lactide /glycolide. Polymer containing a 50:50 ratio of lactic and glycolic acids is hydrolyzed much faster than those containing higher proportions of either of the two monomers [80, 84] . Since, degradation products are easily metabolized in the body via the Krebs cycle and are easily eliminated, systemic toxicity associated with PLGA based NP for drug delivery or biomaterial application is low [85] . [79, 80] . PLGA is FDAapproved elastomeric copolymers for drug delivery due to its biodegradability, biocompatibility, mechanical properties and ease of processing [86, 87] . PLGA has been investigated for drug delivery for management of variety diseases, such as arthritis, diabetes, pain, bowel disease and brain imaging, due to its biodegradability and biodistribution [86, 87] . For example, a commercially available drug delivery device using PLGA is Lupron Depot® for the treatment of advanced prostate cancer. The PLGA based nanoparticle delivery system has been shown to enhance accumulation of diagnostic and therapeutic agents due to increased permeability and retention. In animals, PLGA led to increased deposition of indocyanine green in organs and blood two to ten fold compared to free dye [88] . PLGA is commonly used in the production of a various biomedical and vascular tissue-engineering devices, like grafts, sutures, implants and prosthetic devices [80] . PLGA has also been used to mimic the biological and biomechanical properties of the native vascular tissue [89] . PLGA-based nanoparticles have been used to encapsulate paclitaxel to achieve controlled drug release to the luminal surface and inner part of ePTFE vascular grafts in order to extend the period of paclitaxel release [90] . PLGA nanoparticles have been proven to be safe. Toxicity assays have been undertaken in Balb/C mice, which showed no altertaions in the histopathlogy or tissue damage. However, bio distribution and retention studies, following oral administration of PLGA nanoparticles showed 40% particles accumulation in liver [91] . Thus, in our opinion poly(lactic-co-glycolic acid) based nanoparticles have significant potential to be used for many clinical applications. However, surface modification of the particles should be considered in order to avoid accumulation in the liver.
2.2.3.
Dendrimers-Dendrimers are repeatedly branched, roughly large spherical large structures. A dendrimer is typically symmetric around a core, with a spherical threedimensional morphology [6, 92] . Dendrimers have a core, an inner shell, and an outer shell. Each region can be synthesized having different functionality to regulate properties such as solubility, thermal stability, and attachment of compounds for a variety of different applications [92] [93] [94] . Furthermore, the synthetic processes can be controlled to establish the size and number of branches. Due to a small size of ∼10 nm, drug incorporation into dendrimers can be limiting [95, 96] . However, the exterior branches can be used for drug loading [95] . Antibody or ligand conjugation on the surface can be used to enhance targeting of these nanoparticles. Poly (amidoamine), or PAMAM, is the most well known dendrimer. Dendrimers can be used for drug and gene delivery, bacterial cell killing and as sensors [6, 92, 94] . Designing dendrimers for particular applications involves conjugating particular chemical species to the dendrimer surface [97] . This enables use for encapsulation of hydrophobic compounds and for the delivery of anticancer drugs. The physiochemical characteristics of dendrimers, including monodispersity, water solubility, encapsulation ability, and large number of functionalizable peripheral groups, can make these nanaoparticles effective drug delivery vehicles [94] .
Clinical advantages and toxicological considerations when planning to use dendrimers:
Dendrimers are under investigation for the delivery of DNA and anticancer drugs [93] . Usages of amino-terminated PAMAM or PPI dendrimers as non-viral gene transfer agents and enhancing the transfection of DNA by endocytosis has been published [93, 95, 98] . PAMAM dendrimers conjugated with cisplatin exhibited slower release and higher accumulation in solid tumors with minimal toxicity compared to free cisplatin [95, 98] . Likewise, silversalt conjugated PAMAM dendrimers showed antimicrobial activity against various Gram-positive bacteria [99] . Additionally, dendrimers with 4, 8, and 16 terminal ester groups converted to hydroxy-terminated molecules were able to encapsulate benzoic acid and 2,6-dibromo-4-nitrophenol. Dendrimer conjugated via an acid-labile hydrazone linkage with anticancer drug doxorubicin has been shown to reduce cytotoxicity of doxorubicin and was taken up by various cancer cell lines. In another study, anticancer drug 5-fluorouracil encapsulated into G = 4 PAMAM dendrimers with carboxymethyl PEG 5000 surface chains resulted in efficient drug loading, and reduced release rate and hemolytic toxicity compared to the non-PEGylated dendrimer [100] . Recently, PAMAM dendrimers have been reported to enhance bioavailability of indomethacin in transdermal delivery applications [101] . Generations of PAMAM dendrimer/poly (styrenesulfonate) (PSS) microcapsules have been reported. These PAMAM/PSS capsules allow the selective encapsulation of a drug into the capsule core and into the dendrimer localized in the shell of the capsule, thereby providing a dual release system of either two different drugs or fast and sustained release of one drug.
Like any nanoparticles, dendrimers can cause toxicity. Dendrimers with positively charged surface groups can destabilize cell membranes and cause cell lysis. One such example is amino-terminated PAMAM dendrimers. Haemolytic effect of these dendrimers, on a solution of rat blood cells and cytotoxicity on human intestinal adenocarcinoma Caco-2 cells [102] has been reported. However, it is our opinion that the plasticity of this technology for chemical modification will enable resolution of any toxicological concerns that might arise. For example, recent studies have shown that amino-terminated PAMAM dendrimers exhibited lower toxicity than the more flexible amino-functionalized linear polymers. The degree of substitution as well as the type of amine functionality seems to be important, with primary amines being more toxic than secondary or tertiary amines [103] . To reduce or overcome cytotoxicity of cationic dendrimers surface groups such as PEG or fatty acids could be added. A partial derivatization using six lipid chains or four PEG chains on a PAMAM, have been shown to lower cytotoxicity [104] . While relatively few toxicity studies have been undertaken in animals, 10 mg/kg of PAMAM dendrimers injection to mice did not appear to cause toxic effects [105] . Hydroxy-or methoxy-terminated dendrimers did not demonstrated acute or long-term toxicity. The non-toxic properties make them promising candidates for drug delivery devices [105] . Thus, our opinion is that dendrimers will be useful clinically for a variety of applications and the plasticity of the molecules makes them amenable to chemical modification that will be useful to resolve toxicological issues.
Non-metal based nanoparticles
2.3.1. Carbon nanotubes-Carbon nanotubes are molecular-scale tubes of graphitic carbon having high mechanical strength, thermal as well as electrical conductivity and good stiffness as well as flexibility, enabling use for a variety of biomedical applications. Nanotubes have aspect ratios >100, with lengths of several mm and diameters of 0.7 to 1.5 nm for single-walled carbon nanotubes and 2 to 50 nm for multi-walled carbon nanotubes [23] . The simplest carbon nanotube is composed of graphene (a single honeycomb network of carbon atoms). The structure of a nanotube is dependent on the way graphene it is rolled in to a tube. Carbon nanotubes are insoluble in all solvents but solubility can be enhanced by chemical functionalization and by noncovalent supramolecular adsorption [106] .
2.3.1.1. Clinical advantages and toxicological considerations when planning to use carbon nanotubes: Carbon nanotubes can be used for cancer therapeutic and diagnostic applications [27, 28, 107] . Due to large surface area, carbon nanotubes can be conjugated with a variety of molecules and loaded with small molecule inhibitors and/or imaging agents for these applications [27, 106] . These agents tend to be fairly safe, dependent on what is loaded into them. Targeted carbon nanotubes conjugated to antibodies have been used to deliver drugs and plasmid DNA for inhibiting cancer [23, 27] . For example, carbon nanotubes loaded with anticancer agents doxorubicin have been used to treat cancer in animals without any toxicity issues related to free doxorubicin [108] . Liu et al., 2008 [107] demonstrated that SWCNTconjugated with paclitaxel suppressed breast tumor growth more effectively than the agent alone [107] . Intravenous injection of 10 mg/kg single-walled carbon nanotubes loaded with doxorubicin enhanced therapeutic efficacy with negligible toxicity compared to free doxorubicin treated mice [109] .
Due to the fiber like shape and size of carbon nanotubes, these structures can cause cytotoxicity, inflammation and DNA damage [23, [110] [111] [112] [113] [114] [115] [116] . Single and multi-wall carbon nanotubes can induce platelet aggregation, mitochondrial dysfunction, ROS generation, changes in cell morphology in bronchial epithelial cells and keratinocytes, lipid peroxidation and oxidative stress resulting in cell death [111] [112] [113] . Studies in animals using high concentrations of nanotubes demonstrated chronic lung inflammation, including foreignbody granuloma formation and interstitial fibrosis leading to toxic effects [114, 117] . These potentially harmful effects can limit the utility of carbon nano-tubes for clinical applications. Therefore, carbon nanotubes can be used for particular applications involving prolonged drug release, but in our opinion, the route of administration should be carefully considered and limited to applications where the physical shape will not lead to problematic sideeffects. These nanoparticles would not be recommended for any application involving inhalation into the lungs or applications where they might be filtered through the kidneys.
Metal and metal oxide based nanoparticles
Metallic nanoparticles contain a metal core, which is usually covered by a shell [3, 118] . The core is made-up of an inorganic metal or metal oxide, while the shell can be either an inorganic material or a metal oxide [3, 118] . Metal oxide nanoparticles can incorporate drugs as well as imaging agents and are biocompatible and stable [3, 118] . Metals present in metallic nanoparticles can interact with fluorophores to increase photo-stability, to enhance fluorescence, and reduce quenching [119, 120] . For example, silver/silica particles have been used to enhance fluorescence imaging and gold/silica nanoparticles have been used to improve optical sensing.
2.4.1. Gold or silver nanoparticles / nanoshells-Metallic colloidal gold and silver nanoparticles can be used for carrying a carrier, encapsulating imaging agents and for delivery nucleic acid based agents [3, [120] [121] [122] [123] [124] . Colloidal gold and silver nanoparticles are synthesized in different forms and are commercially available in various size ranges [31, 32, 120, 125, 126] . Structurally, gold nanoparticles consist of a dielectric core of silica, coated with a metallic layer of gold. The thickness of the gold influences whether the particles absorb or scatter light [124] [125] [126] . Silver nanoparticles are synthesized by various physical, chemical, and biological methods. Recent biological methods for the synthesis of metal nanoparticles that are safe and ecologically sound for the nanomaterial fabrication compared to conventional physical and chemical methods have been developed [127] . The green synthesis techniques are generally synthetic routes that utilize relatively non-toxic chemicals to synthesize nanomaterials, and include the use of non-toxic solvents such as water, biological extracts, biological systems and microwave-assisted synthesis [127, 128] .
2.4.1.1. Clinical advantages and toxicological considerations when planning to use gold or silver nanoparticles / nanoshells: Gold nanoparticles can be used for photothermal ablation therapy, as sensors or photoactive agents for optical imaging, as drug carriers, and as contrast enhancers for computer tomography and X-ray absorbers for cancer therapy [31, 123] . For example, anti-EGFR antibody conjugated gold nanoshells are currently being used for the detection of EGFR expressing cells [30] . No toxicity was associated with photothermal ablation therapy in a mouse model of colon carcinoma following intravenous administration of PEG coated gold nanoshells [121, 124] . Although gold nanoparticles can deliver cancer drugs, this application has been hindered by difficulties associated with preparation of stable and nontoxic forms that can be injected into patients. Gold nanoparticles might cross a mother's placenta thereby cause deleterious toxic effects to the developing fetus [129] . Gold particles can also interact with cellular proteins that could cause free radical induced cell death or modify proteins structure leading to autoimmune related toxicity [130] . Recently, to avoid this problem, gum arabic coated nanoparticles have been tested. These nanoparticles are stable, nontoxic and can be administered orally or by injection [131] .
Silver nanoparticles are being commercialized for antimicrobial activity and are being used in nanomedicine for treating wounds, burns and catheter related infections [132] . Silver nanoparticles have therapeutic potential in treating variety of diseases such as retinal neovascularization, acquired immunodeficiency syndrome and for anti cancer properties [118, 133] . For example, silver oxide nanoparticles exhibited antitumor properties following intravenous injection by decreasing tumor vessel development [134] . Silver nanoparticles can cause blood brain barrier destruction, by producing reactive oxygen species, as well as neuronal degeneration and brain edema [134] . They are also known to alter the membrane structure to damage the bacterial cell membrane by attaching to sulphur containing proteins [133] . Silver nanoparticle toxicity has recently been linked to mitochondrial targeting, reactive oxygen species production and glutathione depletion in liver cells [135] . Silver nanoparticles can release silevr ions, which can be toxic; therefore, in our opinion use of silver nanoparticles for drug delivery for humans should be limited. In our opinion gold nanoparticles are particularly effective for photoablation therapy while silver nanoparticles would best be used for controlling bacterial infections. Use outside of these fields would require technological advances to decrease the negative toxicological impacts of these agents in animals.
Superparamagnetic iron oxide nanoparticles (SPION)-Superparamagnetic
iron oxide nanoparticles are inorganic particles of an iron oxide core coated with either silica / gold and organic materials such as phospholipids, fatty acids, polysaccharides, peptides, surfactants or polymers [136] . These particles have magnetic properties, enabling collection in a defined location or these particles can be heated in the presence of an externally applied AC magnetic field [136, 137] . Coating with peptides or antibodies enables these nanoparticles to bind to particular cells for disease treatment or imaging. This characteristic makes these nanoparticles attractive for a wide variety of applications ranging from: (a) MRI; (b) drug delivery; (c) magnetic hyperthermia; and (d) magnetically assisted cell transfection [136, 138] . Particles range in size from 50 to 160 nm. Particles coated with organic molecules are currently being evaluated in clinical trials as MRI contrast agents for detecting liver tumors and to differentiate metastatic from inflammatory lymph nodes [137] .
Clinical advantages and toxicological considerations when planning to use superparamagnetic iron oxide nanoparticles:
Clinical use of superparamagnetic iron oxide nanoparticles has been steadily increasing and used for gene transport, MRI, hyperthermia based treatment and for radiotherapy [138] . Superparamagnetic monocrystalline iron oxide has been used for detection of solid tumor metastases [2] , detecting metastasis <2 mm in size in lymph nodes and at other sites [32] . 20 nm metal oxide nanoparticles composed of Fe 2 O 3 or Fe 3 O 4 , have been evaluated for cancer thermal ablation therapy and MRI imaging [139] . In breast cancer, these particles have been conjugated to antibodies for targeting and imaging [140] . SPION in combination with an external magnetic field to target the nanoparticles is emerging as a potentially important area of drug delivery, which is called magnetic drug targeting [141] . This method allows delivering particles to the desired target site and maintaining them at that location during localized drug release [141] [142] [143] . This approach can have the added advantage of decreasing the toxicity of dugs causing systemic toxicity [141] .
Superamagnetic nanoparticles have minimal toxicity in the human body [144] . A study comparing several metal oxide nanoparticles showed iron oxide nanoparticles to be safe and non-cytotoxic at concentrations below 100 mg/ml [144] . However, intravenous administration can lead to accumulation in a targeted organ potentially leading to iron overload, which can be toxic. High free iron levels can cause an imbalance in homeostasis, leading to DNA damage, oxidative stress and inflammation [2, 144] . Based on these reports, our opinion is that these particles can be used safely in humans provided that concentrations are maintained below 100 mg/ml and accumulation in organs is monitored to prevent iron overload. Special attention should also be given to leaching of iron (Fe +3 ) ions and interaction of these particles with H 2 O 2, which could generate free radicals such as hydroxy radicals due to fenton chemistry.
Semiconductor based nanoparticles
2.5.1. Quantum dots-The general structure of a quantum dots is a core element usually containing cadmium selenide, cadmium telluride, and indium phosphide or indium arsenide either alone or in combination and a shell made of zinc sulfide [145, 146] . Quantum dots are well-studied heterogeneous groups of nanoparticles that fluoresce in different colors depending on size and constituent components [3, 147] . They are generally coated with polyethylene glycol to enable attachment to targeting molecules such as antibodies or other ligands [34] . Quantum dot absorption, distribution, metabolism, excretion and toxicity, depend on multiple factors derived from both inherent physicochemical properties and environmental conditions [147] . Size of quantum dots ranges from 2.5 to 100 nm, depending on the thickness of the coating [6] .
Clinical advantages and toxicological considerations when planning to use quantum dots:
Currently the main use of quantum dots is for biomedical imaging due to the broad fluorescence spectrum they are capable of emitting, which makes these nanoparticles optimal fluorophores [148] . For instance, fluorescent quantum dots can be conjugated to antibodies, receptor ligands moieties or aptemers enabling measurement of identification of cancer cells, for studying signaling events in cancer cells, for investigating peroxisomes activity and identification as well as quantification of cell membrane receptors [149] [150] [151] [152] [153] . Furthermore, quantum dots conjugated to targeting agents have been used for site-specific gene therapy and delivery of pharmacological agents [154, 155] .
The metal core constituents of quantum dots can be toxic following removal or dissolution of the coating. Degradation of the coating can also result in severe toxicological effects. For example, quantum dots can be toxic due to the surface coating, which can be reduced by modification with N-acetylcysteine [147, [156] [157] [158] [159] . Exposure of quantum dots surface coatings to acidic or oxidative environments, such as those present in endosomes, can cause decomposition and subsequent release of metalloid core containing Cd or Zn into the cytoplasm causing toxicity [157, 159] . Discrepancies have been reported regarding the toxicity of quantum dots in the literature, likely due to the varying physicochemical properties of individual nanoparticles. In our opinion, it will be difficult to overcome the toxicity of these particles, which will limit use in patients. However, these agents will be useful for studies characterizing cells or cellular processes occurring in clinical material, which would involve imaging or protein signaling.
Key Physicochemical Properties to Consider That can Influence Nanoparticle Toxicity
The goals for nanotechnology-based drugs are either to enhance delivery or uptake of agents into target cells or to reduce toxicity associated with pharmaceutical agents by masking. For many decades nanoparticles have been used as a strategy to reduce toxicity and side effects associated with particular drugs [3, 9] . Although, nanoparticles are intended to deliver agents into or at the vicinity of target organs, several recent findings have reported unexpected toxicities, leading to the origin of the field of nanotoxicology [3, 9] . Nanotoxicology is emerging as an important branch of nanotechnology and is the study of interactions of nanostructures with biological systems to elucidate the relationship between physical and chemical properties such as, size, shape, surface, chemistry, composition, and aggregation of nanostructured materials with induction of toxic biological responses [14] . Recently, it has been realized that nanocarrier systems can cause serious harmful effects and several studies have reported harmful effects associated with nanocarriers on organ systems [3] . Nanostructured materials are comparable to typical cellular components and proteins in size. Therefore, nanoparticles might cross the natural mechanical barriers of the human body via different routes including inhalation, intravenous, dermal, subcutaneous, oral and intraperitonial routes [8] . Nanoparticles, therefore, can induce adverse health effects. However, the fundamental cause-effect relationships are either ill defined or unexplored, hence, studies are urgently needed to demonstrate and identify various structural elements causing cyto-and organ-toxicity. Absorption of nanoparticles is also possible when the nanomaterial first interacts with proteins or cells and might affect organs such as liver, brain, spleen, blood, kidney, heart, colon, bone, etc., and cause deleterious cytotoxic effects leading to deformation and inhibition of cell growth in humans and animals [8, 160] . A number of studies have reported the potentially harmful effects of nanoparticles in in vitro and in vivo experimental models and identified key physicochemical properties influencing nanoparticle toxicity, which include particle size, composition, charge, surface area, agglomeration and dispensability (Figure 1) [8, 160, 161] . Key physicochemical properties influencing nanoparticle toxicity are discussed below and shown in Figure 1. 
Particle size
Particle size is one of the critical factors that can influence the toxicity of nanoparticles [161] . Nanoparticle size varies in different dispersion mediums like deionized water and cell culture media with and without serum. For instance, 40 nm copper agglomerated 28-fold increase in size when introduced into deionized water and RPMI-1640 media, but only a nine fold increase compared to its primary size when it was put into media with serum [8, 162] . Although particles of <100 nm size possessed desirable mechanical, electrical and chemical properties that are critical for drug delivery; the smaller size can cause undesirable effects such as passing through the blood-brain barrier and triggering immune reactions as well as damaging cell membranes [8] . For example, in vitro size-dependent cytotoxicity studies using gold nanoparticles showed that 1.4 nm gold particles effectively inhibited the growth of connective tissue fibroblasts, epithelial cells, macrophages and melanoma cells, however, particles of 15 nm size are non-toxic at similar concentrations. In our opinion, for in vivo use, a size less than 100 nm and a hydrophilic surface are essential to reduce opsonization and subsequent clearance by macrophages.
Particle composition and charge
Nanoparticle composition and charge can effect organ accumulation and toxicity [3] . Particle surface charge is generally indicated by zeta potential. Zeta potential reflects the electrical potential of particles and is influenced by the composition of the particle and the medium in which it is dispersed. Nanoparticles with a zeta potential above (+/-) 30 mV are usually stable in suspension, as the surface charge prevents aggregation of the particles. For example, the use of cationic liposomes in in vivo models can cause dose-dependent toxicity and pulmonary inflammation [40, 58] . DOTAP, a monovalent cationic lipid constituent of cationic liposomes, and LipofectAMINE, a multivalent cationic liposome, accumulates in the vasculature and can be preferentially taken up by the liver and spleen [42] . This effect was more pronounced with the LipofectAmine compared to DOTAP [39] . Likewise, stearylamine, the first generation monoalkyl cationic lipid, caused hemagglutination and hemolysis of human erythrocytes [39] . Therefore, clinical use of this cationic lipid for delivering drugs, genes and peptides into humans is not advisable. Although cationic lipidbased delivery systems offer some promise as a potential siRNA delivery system, potential for lung and other organ related toxicities may require alternative formulations for safety [16, 60] . In our opinion, development of novel technologies preventing cationic liposomes clearance from circulation might be useful for increasing the efficacy of liposomes and lead to decreased toxicity resulting from organ or cell damage.
Particle surface area
Nanocarriers possesses large surface area due to very small particle sizes [163] . Since, nanoparticles interact with biological systems through surface area, controlling the surface properties such as composition, charge and porosity are critical factors influencing nanoparticle-associated toxicity [8, 163] . Increased surface area has the advantage of providing opportunities for antibody conjugation and material delivery but, also have inherent disadvantages making them toxic if not rationally designed. For example, the durability or stability of surface coatings inside a biological environment is a critical factor regulating the toxicological consequences associated with nanoparticles [8, 163] . While surface modifications allow nanoparticles to be stabilized and avoid agglomeration, they may shield or influence the effects of nanomaterials on biological systems. For example, PEGylation has been shown to stabilize nanoparticles such as gold nanoparticles and liposomes by reducing clearance from the circulation, thereby prolonging the chance of coming in contact with the tumor or cellular target [121] . In addition, PEGylation also protects nanoparticles from opsonization, a process by which foreign organism or particles become covered with opsonin proteins, thereby making them more visible to mononuclear phagocytic system (MPS), also known as the reticuloendothelial system (RES) [164] . Furthermore, PEG-containing copolymers found to exhibit increased circulation half-life by several orders of magnitude compared to un-PEGylated polymers [165] . Mechanistically, PEGylation creates a hydrophilic protective layer around the nanoparticles, which repel the absorption of opsonin proteins via steric forces, thereby blocking and delaying the opsonization process [165] . PEGylation can also improve efficacy by allowing nanoparticles to extravasate in pathological sites such as tumors or inflamed regions with a leaky vasculature, thereby improving the ability to directly target tumors located outside MPS-rich regions. Although PEG can decrease opsonization of nanoparticles, recent studies demonstrated that confirmation of PEG at the nanoparticle surface is a key factor influencing the opsonin repelling function [121] . For example, whereas "brush-like" and "intermediate" configurations of PEG surface reduced phagocytosis and complement activation, "mushroom-like" configuration appears to activate complement system and favor phagocytosis [166] . In our opinion, PEGylation of the surface of any nanoparticle is key to enhancing its circulation time, which would increase its probability of it being more effective.
Agglomeration and dispersability
Due to the increased surface area to volume ratio, nanoparticles tend to agglomerate via Brownian motion and van der Waal's forces [8, 167] . Prevention of agglomeration is a key factor while considering nanoparticles for clinical use since this process can alter the physicochemical properties such as size distribution, surface-to-volume ratio and surface activity as well as concentration of nanoparticles thereby effecting potential toxicity of nanoparticles due to vascular or lymphatic blockage [9] . In one study testing the risk assessment of nanoparticles composition as well as size, it has been demonstrated that aged and agglomerated copper nanoparticles (approximately 200 nm in diameter) produced greater lung inflammation than did freshly generated (11-60 nm) carbon nanoparticles. Authors of this study concluded that, although, particle composition appeared to be a more important risk factor than was the agglomeration state of the nanoparticles, further studies were required to measure the role of agglomeration fir causing serious side-effects. Several intrinsic and extrinsic factors such as nanoparticle composition, concentration, size, surface coating, dispersant characteristics (pH, presence of serum, salt and surfactant), zeta potential, sonication time and temperature can influence agglomeration [8, 167] . Sonication, detergents, lung surfactants, polyethylene glycol and serum can prevent agglomeration to decrease toxicity or deleterious side-effects [8, 168].
Approaches and Limitations for Assessing Toxicity of Nanoparticles

Methods for assessing the toxicity of nanoparticles
Nanoparticles can trigger cytotoxic, genotoxic, inflammatory and oxidative stress responses in mammalian cells, which should be considered prior to selection of a particular nanoparticle for cenrtain applications [1, 8, 110, 160, 169] . Factors triggering these toxicities are not fully understood requiring development of standardized methods for assessing toxicity. Nanoparticles possess unique physicochemical properties that can pose challenges for assessing toxicity using classical toxicity assays [8]. Therefore, more particle characterization such as size, shape, surface area, solubility, agglomeration, and elemental purity should be evaluated as a part of the toxicological assessment. These characterizations would not generally be needed for traditional pharmacological agents. Incomplete characterization could artificially influence results of many in vitro toxicity assays, causing misinterpretation of data. Furthermore, lack of standardized guidelines for nanopartical toxicological characterization could impede movement of these agents to the clinic. Recently, Dhawan et. al. [165] reported approaches and challenges encountered during nanoparticle characterization. Key elements needed to assess potential toxicity of nanomaterials include; characterization of physicochemical properties, use of cellular and non-cellular in vitro toxicity assays; and, animal based toxicological assessments (Figure 1 ) [170] .
Physicochemical properties that affect nanoparticle toxicity-Various
assays are available for evaluating the different physiochemical properties of nanoparticles [8, 10, 163] . Physicochemical properties that may contribute to toxic effects of nanomaterials include chemical composition, agglomeration state, particle size and size distribution, density, shape, and surface properties such as area as well as charge (Figure 1 ).
Chemical composition characterization:
Chemical composition of nanoparticles is a key factor that can influence the physicochemical and biological properties of nanoparticles [8, 9, 163] . Chemical composition of a nanoparticle can be measured by standard methods of chemical analysis using Energy dispersive analysis of X-rays (EDAX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD). Nuclear Magnetic Resonance (NMR), Fourier transform infrared (FT-IR) and mass spectrometry [8] ( Figure  2) . For an example, chemical composition can affect toxicity of liposomes that are formulated with cationic lipids and fusogenic phospholipid dioleyolphosphatidylethanolamine (DOPE). However, cationic liposomes can also have toxic effects when accumulated in vital organs, by binding to serum proteins and by disrupting cell membrane function [14, 43] . Furthermore, cationic liposomes can localize in macrophages after parenteral administration, making it necessary to examine the effect of cationic liposomes on the production of immuno-inflammatory modulators secreted by activated macrophages, and determine the effect on phagocytic macrophages as well as nonphagocytic T-lymphocytes. Cationic liposomes can down-regulate synthesis of protein kinase C (PKC)-dependent mediators nitric oxide, tumor necrosis factor-α and prostaglandin E 2 by activated macrophages. Prolonged incubation of >3 h with macrophages can induce toxicity and can be determined by the lipids used in the liposomal formulation. The order is DOPE / DDAB > DOPE / DOTAP =DOPE / DC-Chol > DOPE / dimyristoyltrimethylammonium propane. Furthermore, replacement of DOPE by DPPC or the incorporation of DPPE-PEG 2000 in DOPE / cationic lipids can reduced macrophages mediated toxicity and restore synthesis of PKC-dependent modulators [63] . Therefore, in our opinion, to reduce toxicity associated with nanoparticles such as cationic liposomes, the composition should be carefully considered or the liposomes should be coated with an inert material such as polyethylene glycol [3, 40] . A careful analysis of nanomaterials composition by proper characterization tools and tehniques would help researchers to get information regarding what kind of elemental species could cause toxicity, which can help using preventive methods.
Nanoparticle size, size distribution, density, shape and agglomeration state:
Particle size, size distribution, density, shape and agglomeration state are key characteristics that need to be considered as triggers of toxicity while making a nanoparticle-based formulation for clinical [8, 9] . Large particles could trigger immune reactions. Furthermore, density or shape could cause a variety of toxicological problems such as blockage or organ accumulation. Although, nanoparticle characterization is often complicated by the polydispersity of samples, an approximate estimate can be obtained using BrunauerEmmett-Teller, dynamic light scattering, transmission electron microscopy [17] , scanning electron microscopy [171] atomic force microscopy or Nanoparticle Tracking Analysis approaches ( Figure 2) [8]. In our opinion nanoparticle size, size distribution, density, and shape should be a routine part of the characterization to predict potential toxicological concerns.
Agglomeration of nanoparticles can occur during the synthesis or once the nanoparticles are introduced into various solutions where electrostatic interactions or chemical bonding may lead to nanoparticle aggregation [8] . Agglomeration in the vascular system could cause blockage or trigger immune recognition and elicit an immune response. Agglomeration is known to change the physicochemical properties of NPs due to the average particle size and charge, which could lead to toxicity [172, 173] . Use of the Ultrahigh-resolution system is a simple and convenient technique to characterize the extent of metal nanoparticle agglomeration in solution [174] . Other methods to determine agglomeration include nanoparticle tracking and analysis (NTA), atomic force microscopy (AFM) and electron microscopy (EM) UV-Vis, and the dynamic light scattering (DLS) technique (Figure 2) [8]. In our opinion, measurement of agglomeration should be a standard assessment that could rule out potential vascular blockage and immune related toxicities.
Surface property characterization:
Surface properties of nanoparticles including surface area, charge and surface reactivity are critical regulators of nanoparticle toxicity [8, 9] . Since nanoparticles interact with cell membranes through the surface, the surface characteristics such as particle texture, porosity and charge needs to be considered as potential modulators of toxicity [8, 19, 163, 167] . Nanoparticle surface properties can be measured using Brunauer-Emmett-Teller (BET) [8] . Although BET measures size as well as surface area of nanoparticles, it does not account for size distribution, hence the need for data from additional methods for complete characterization of nanoparticle surface properties (Figure 2) [8]. Atomic force microscopy is a cost-effective method that provides details regarding nanoparticle size, morphology, surface texture and roughness. Characterization of surface reactivity can also be undertaken using the Electron Resonance Technique (Figure 2 ). In our opinion, nanoparticles surface properties could cause toxicity and should be part of an assessment related to potential toxicity.
Current limitations of routinely used particle characterization methods
Although several methods have been listed that could be used to characterize the physicochemical properties of nanoparticles, most have inherent drawbacks, which are detailed below.
4.2.1. Electron microscopy for particle characterization-Due to its small size, nanoparticles are irresolvable by optical microscopy, requiring more powerful methods such as electron microscopy for measuring nanoparticle size and shape [8] . Scanning electron microscopy can be used to obtain information on size distribution and shape of nanomaterials [175] . Transmission electron microscopy can provide higher resolution and therefore better information about the crystal structure and granularity of a sample [176] . However, electron microscopy is not always a good option for biological particles such as liposomes conjugated to proteins or engineered polymers like dendrimers, as these nanoparticles cannot deflect the electron beam sufficiently, thereby limiting an accurate estimate of particle size. Thus, these nanoparticles are invisible to electron microscopy and require heavy-metal staining procedures. For electron-dense nanoparticles such as metal colloids with attached PEG, targeting antibodies or drugs, electron microscopy cannot image the surface groups without the use of cryogenic methods, and as a result does not give an accurate measurement of the physiological size. A further complication is that transmission electron microscopy requires; (a) a high vacuum; (b) thin sample sections for electron-beam penetration; and, (c) sample drying, all of which can alter the physicochemical state of the nanoparticle to introduce artifacts. Therefore, in our opinion, particle characterization using electron microscopy should be used for particles without surface modifications, which can be easily visualized by processing that would not introduce artifacts.
Dynamic light scattering-
The dynamic light scattering technique is widely used for measuring particle size in solution [177] . However, since dynamic light scattering measures the equivalent-sphere hydrodynamic diameter, it does not provide information regarding the particle shape [177] . Furthermore, dynamic light scattering cannot be used to measure particle size if the sample absorbs at the wavelength of the laser used by the size-measuring instrument [8] . Intensity of scattered light from small spherical particles is proportional to particle diameter to the 6 th power; therefore, larger particles scatter light much more efficiently than smaller particles [162] . Small traces of agglomerates or dust in a sample can skew size measurements. Furthermore, dynamic light scattering, unless conducted in-line with a separation/fractionation method, cannot separate similar sized populations, such as monomers and dimers of the same species [8] . Therefore, in our opinion, other particle characterization methods, such as transmission electron microscopy should be using in conjunction with dynamic light scattering for unambiguous characterization of nanoparticles size and shape.
Nanoparticle evaluation under physiological conditions-
The most challenging area of nanoparticle characterization is evaluation under physiological conditions that resemble or mimic the state present in animals [163] . Many properties of nanoparticles are environmental and condition dependent. The size distribution at physiological pH and ionic strength might differ from the distribution in water or in a dry state [163] . Plasma proteins are known to bind nanoparticles in the blood and the proteinbound size would be a more relevant determinant of disposition and clearance than the unbound free-particles [9] . Changes in size due to agglomeration could trigger immune reactions or cause agglomeration leading to toxicological effects. Size measurements using dynamic light scattering could be valuable for this type of characterization since it can provide a measure of the hydrodynamic size of a nanoparticle in biological fluids, such as blood plasma [177] . Characterization by TEM and FTIR along with DLS would give further detailed information about the change and shape of NPs under physiological conditions (Figure 2 ). In our opinion, nanoparticle evaluation under physiological conditions should be a routine requirement for characterization and should be considered when assessing possible toxicological concerns.
Sterility and pyrogenicity determination of nanoparticles-Nanoparticles
need to be evaluated for pyrogenicity and endotoxin contamination since these factors will induce toxic effects. Dependent on constituent components involved in the assembly of the nanoparticles, the end product could contain bacterial endotoxins [178] . Due to the induction of inflammatory signaling mediators such as cytokines, chemokines and prostaglandins, endotoxins can cause fever, organ damage and fibril reactions. The FDA has recommended two types of pyrogen characterization tests. A limulus amoebocyte lysate assay also known as bacterial endotoxin test, uses blood from the Horseshoe crab (Limulus polyphenus) and is a sensitive method to measure bacterial endotoxins [178] . This test can detect picogram quantities of bacterial endotoxin. The second FDA approved test for measuring endotoxins is the rabbit pyrogen test [170] , which is an in vivo test capable of identifying various pyrogenic substances. This test measures the rise in temperature of rabbits following intravenous injection of the test solution. The limulus amoebocyte lysate test has been widely used in preclinical pharmaceutical development. However, a limitation of the test is that most nanoparticles interfere with the assay [168] . Alternate pyrogenicity tests have been proposed but might also be subject to nanoparticle-interference issues [168] . In our opinion, sterility and pyrogenicity of nanoparticles are fundamental requirements and should be performed routinely to prevent toxicity related concerns.
In vitro cell culture models for toxicity assessment of nanoparticles
In vitro toxicity of nanoparticles in cultured cells is essential to fully understand the mechanisms of action of nanoparticle therapeutics in biological systems. Unfortunately, nanoparticle-based agents are often poorly suited to conventional in vitro pharmacological assays as nanoparticles adsorb proteins during assays. Nanoparticles such as gold colloids scatter light and can invalidate colorimetric assays that rely on absorbance measurements [125] . Furthermore, some nanoparticles have very large molar-extinction coefficients with emission wavelengths causing false positive results in colorimetric assays using plate readers. Therefore, in our opinion, the absorption spectra of a nanoparticle in solution should be routinely performed and used to determine which tests can be undertaken without concerns regarding overlap for colorimetric assays that rely on absorbance measurements. Despite these concerns, the following tests are recommended for the initial in vitro toxicity testing (Figure 1). 4.3.1. Biocompatibility assays-Cultured cell-based assays such as MTT, sulforhodamine B, bromodeoxy uridine incorporation and cell cycle FACS analysis that measure cell viability should be used to determine the biocompatibility of nanomaterials on living cells [179] . These cell based assays measures loss of membrane integrity, metabolic activity, monolayer adherence and monitor progression through the cell cycle. Membrane integrity assays, such as the trypan blue exclusion assay and lactate dehydrogenase (LDH)-leakage assay [180] , can be of particular importance for certain nanoparticles such as cationic liposomes that can disrupt cell membranes integrity under certain circumstances [181] . Tetrazolium dye reduction, ATP and 3H-thymidine incorporation assays can be used to measure cell viability and proliferation rates by monitoring cellular metabolic activity [168] . Nanoparticles that are antioxidants, such as certain functionalized fullerenes, might interfere with these assays by enhancing tetrazolium-dye reduction causing an overestimation of cell viability. Progression through the cell cycle can also be monitored by DNA staining and flow cytometry and cell-cycle effects have been demonstrated for a variety of nanoparticle samples, including carbon nanotubes [182] . In our opinion, toxicity assessment of nanoparticles on cultured cells is easy and inexpensive and should be used as a first assessment of toxicological effect on a living system.
4.3.2.
Hemolytic and platelet aggregation tests-Nanoparticels can interfere with normal blood cell function, therefore, hemolytic and platelet aggregation tests should be evaluated especially when particles are injected intravenously [168] . Since intravenous administration could cause hemolysis or platelet aggregation leading to a variety of pathological conditions, including anemia and jaundice, it is important to determine whether nanoparticles lead to these effects thereby contributing toxicity. Platelet aggregation test determines the anticoagulant or thrombogenic properties of nanoparticles. In our opinion most nanoparticles would at some point come in contact with blood cells, therefore, basic hemolytic and platelet aggregation tests should be used to measure effects on these cell types. These tests are inexpensive and fairly easy to execute.
4.3.3.
Immune system activation assays-Nanoparticles interaction with the immune system can be a major source of toxicological effects. This effect can be analyzed in cellbased assays on cells present in organs from the immune system [168] . Though standard immunological culture based tests exist, the preclinical immunotoxicity testing of nanoparticles has been hampered due to the absorbance and emission spectra of the nanoparticles, which in turn interferes with the colorimetric methods creating false positive or false negative effects in enzyme assays. The plaque forming cell assay is a test to measure nanoparticle related toxicity in vitro [168] . Although the plaque forming cell assay has been shown to predict immune toxicity, the main hurdle is that nanoparticles are usually taken up by phagocytic cell of the reticuloendothelial system, which triggers immune responses [168] . Tests for macrophage function and reticuloendothelial uptake can be useful for characterizing immune system modulation by the nanoparticle. In our opinion, a major source of nanoparticles related toxicity is immune mediated; therefore, preclinical immunotoxicity testing of nanoparticles is essential when preparing particles for testing in animal models or in humans.
Reactive oxygen species and oxidative stress detection assays-
Reactive oxygen species (ROS) and/or free radicals have shown to be produced by a variety of nanoparticles, which can lead to toxicological effects [183, 184] . A number of assays are available to measure cellular ROS production. The electroparamagnetic resonance technique has been widely used to assess nanoparticle induced ROS generation. This technique uses spin probes or traps in combination with specific reagents enabling identification and quantification of the free radical species [185] . Another method for the detection of ROS production is the fluorescent dye 2,7-dichlorofluorescin (DCFH) assays [186] . In this assay, the dye is delivered to the cells with the diacetate group intact, which renders the molecule relatively lipophilic, enabling access to cells, which can be measured by fluorimetric or by flow-cytometric techniques. The Cytochrome C assay is another assay used to measure intracellular ROS production by cells [187] .
A number of markers are available to detect oxidative stress by measuring lipid peroxidation using the thiobarbituric acid reactive substances assay and the Trolox equivalent antioxidant capacity assay. Glutathione levels can also be measured as an indicator of oxidative stress, using the total Glutathione (GSSG/GSH) assay kit. Another sensitive marker of oxidative stress induced by nanoparticles is to measure mRNA expression changes of oxidative stressdependent genes [188] . In our opinion, nanoparticles can trigger reactive oxygen species production and oxidative stress leading to toxicity, therefore, test should be undertaken to measure both to limit these problems during clinical development.
4.3.5.
Genotoxicity assays-Currently, cell culture based genotoxicity assessment strategies for nanoparticles are limited. Various established genotoxicity assays are available to screen for potential chemical carcinogens, however, only a few assays such as the salmonella reverse mutation assay, the micronucleus test, and the alkaline comet assay have been used for the nanoparticles [189] . The salmonella reverse mutation assay, also known as the Ames test, is most widely used in vitro assay. However due to differences in membrane structure and composition of bacteria compared to mammalian cell membranes, and to what extent bacterial mutagenicity tests identify the true genotoxic potency of nanoparticles remains a concern. Therefore, mutagenicity assays in mammalian cells could provide better and more relevant information compared to the bacterial assay [190] . Micronucleus and alkaline comet assay have also been used to evaluate clastogenic (chromosome breaking) effects of nanoparticles in mammalian cells [191] . The main advantage of the micronucleus assay is that it detects chromosomal and genomic mutations but can only be used on dividing cells [190] . Although the comet assay is used to measure chromosomal and genomic mutations in live and dead cells, the disadvantage of this assay is that it does not measure fixed mutations, which can be overcome using the micronucleus assay. Assessing genotoxicity mediated by nanoparticles, in our opinion, is an underdeveloped area and will limit clinical evaluation of nanoparticles. Our recommendation is that the micronucleus and comet assay be used to measure the effect of nanoparticles of DNA integrity.
Animal based assays to assess toxicity mediated by nanoparticles
Characterization of nanoparticle-based agents in an animal system is an essential part of assessing nanotoxicology [192] . These animal toxicity assessment tests can be time consuming and costly but provide useful and important information regarding formulationassociated toxicity. In addition, animal studies are important since several studies have shown that in vitro results alone do not always translate into in vivo results. Therefore, in our opinion it is essential to evaluate the bio-distribution and toxicity of nanoparticle in animal systems. The FDA guidelines need to be considered regarding drug formulations for preclinical studies when planning these studies (United States, Food and Drug Administration CBER/CDER Guidance for industry: Developing medical imaging drug and biological products part 1: conducting safety assessments, June 2004). Some of the standard assay for screening for toxicity in animals measure; (a) dose range finding and single / repeat dose acute toxicity of nanoparticles; (b) organ distribution and clearance of nanoparticles; (c) disposition and degradation of nanoparticle constituents and toxicity associated with released products; and, finally (d) immunotoxicity mediated by nanoparticles.
4.4.1. Dose range finding and single / repeat dose acute toxicity measurements-Dose-range finding toxicity studies can be measured by intravenous administration of nanoparticles in male or female rats or mice [193] . Single or repeat-dose toxicity tests are common procedures used to establish dose-range finding toxicity. Experimentally, animals are usually monitored for up to 14-days, however, in some instances (such as for immunotoxicity assessment) it might require longer periods, which can be extended up to 28 days. In our opinion, parameters such as mortality, body weight, organ weight, clinical chemistry, hematology, gross pathology and histology of control versus treatment groups should be compared as assessments of nanoparticle-associated toxicity [193] .
4.4.2.
Organ distribution and clearance study-Determination of absorption, distribution, metabolism and excretion (ADME) rates of nanoparticles is essential for evaluating potential toxic effects [161] . However, many difficulties are associated with these studies as measuring individual constituents of a multicomponent nanoparticle is labor intensive and challenging [193] . In our opinion this is an important area that will need significant development and standardization.
Disposition and degradation of nanoparticles-Constituents of nanoparticles
undergo degradation when administered in animals. Therefore, determination of disposition and pharmacokinetic (PK) properties of nanoparticles is essential [161, 193] . Disposition and PK can be evaluated by administering nanoparticles to mice or rats followed by detecting the constituents or constituent degradation products in tissues harvested at various time points. Experimentally, these studies use radiolabels as well as scintillation counting, inductively coupled plasma mass spectroscopy (ICP-MS), electron microscopy in conjunction with energy dispersive spectroscopy (EM-EDX) or high performance liquid chromatography (HPLC) to detect and quantify nanoparticles or constituents in tissues [8, 193] . In our opinion nanoparticles degradation in biological systems and accumulation of the constituent components could be a source of toxicity. Therefore, determining the nature of the breakdown products and sites where they accumulate can be key aspects when assessing potential nanoparticles toxicity.
Immunotoxicity of nanoparticles-Since nanoparticles can trigger immune
responses, it is important to determine whether the nanoparticles or constituent parts trigger immunotoxicity-related reactions [130, 194] . However, relatively few methods exist to accurately assess immunotoxicity of nanoparticles. The lymph node proliferation assay (LNPA) can be used to estimate nanoparticle-associated toxicity, but it has inherent disadvantages [161, 193] . For example, nanoparticles can travel through the lymphatic system when injected subcutaneously and might give inaccurate results, hence requiring alternate routes of administration. The latest FDA guidelines for immunotoxicity assessment of human pharmaceuticals, ICH S8, need to be considered while assessing the immune related toxicity of nanoparticles [193] . FDA recommends examining immune cell function in those cases in which the preliminary study indicated potential immunotoxicity through changes in gross pathology hematology, clinical chemistry, immune organ weights or histological evaluation. In our opinion, assessing immunotoxicity of nanoparticles in animal models is one of the most important tests that should be undertaken related to nanoparticles mediated toxicity. Immune reactions can cause death and should be taken seriously, therefore, it is highly recommended to undertake these tests and if observed, to use approaches to minimize factors causing these effects.
Strategies to Overcome Nanoparticle Mediated Toxicity
Masking the nanoparticles to overcome toxicity related issues
Surface protection or masking is a key factor that can moderate the toxicity of nanoparticles. Surface protection is routinely used for reducing the toxicological effects caused by nanoparticles [35] . Methods such as: (a) surface coating of nanoparticles with biocompatible hydrophilic polymers/surfactants; or (b) formulation of nanoparticles with biodegradable copolymers with hydrophilic polyethylene glycol (PEG), polyethylene oxide, polyoxamer, poloxamine and polysorbate 80 (Tween 80) have been used for masking the nanoparticle surfaces. For example, coupling high molecular weight polymers such as PEG to the liposome surface can coat cationic liposome [40] . PEG then forms a physical barrier around the liposome perimeter. Each molecule of the PEG thus coated around liposome can bind to ∼136 water molecules thereby influencing the extent of hydration of the liposomal formulation [39] .
Mechanistically, PEGylation creates a hydrophilic protective layer around the nanoparticles, which repel the absorption of opsonin proteins via steric forces, thereby blocking and delaying the opsonization process [14, 40] . Opsonization is a process by which a foreign organism or particle becomes covered with opsonin proteins, thereby making it more visible to mononuclear phagocytic system, also known as the reticuloendothelial system [165] . Opsonins are serum components that aid in the process of phagocytic recognition. For example, complement proteins C3, C4, and C5 and immunoglobulins binds to nanoparticles thereby enhancing recognition by macrophages of liver [165] . The duration of the opsonization process varies from a matter of seconds to many days. Once the particles are opsonized, phagocytosis that is the engulfing and eventual destruction or removal of foreign materials from the bloodstream usually occurs. Together these two processes form the main clearance mechanism for the removal of undesirable components from the blood. Furthermore, PEGylation can also improve the efficacy by allowing nanoparticles to extravasate into pathological sites such as tumors or inflamed regions with a leaky vasculature, thereby improve the ability to directly target tumors located outside MPS-rich regions [67, 165] .
Recent studies confirmed that PEG at the nanoparticle surface is a key factor influencing the opsonin repelling function. Whereas "brush-like" and "intermediate" configurations of PEG surface reduced phagocytosis and complement activation, the "mushroom-like" configuration activated the complement system promoting phagocytosis [195] . PEG molecules also helped reduce the circulation clearance in an ultrasound assisted topical delivery of 4.75:4.75:0.5 molar ratio DOTAP, 1,2-dioleoyl-snglycero-3phosphoethanolamine (DOPE) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)2000] (DSPE-PEG2000) nanoliposomes loaded with siRNA targeting Akt3 and V600E B-Raf [196] . Although PEG molecules reduce circulation clearance, the amount of PEG used in the liposome preparation can influence the structural integrity of the liposome. For example, >15 mol% PEG can cause unfavorable structural changes in the liposomes [39] . Therefore a typical PEGylated liposome formulation usually contains 5 to 10 mol% PEG.
PEGylation can also be used to mask gold nanoparticles, carbon nanotubes, dendrimers and other nanoparticles [29, 64] . For example, conjugation of prostate membrane antigen (PSMA) specific antibody to the amino groups of PEGylated QDs (QD605) have been used to detect prostate cancer cells expressing PSMA [65] . Diagnostic and therapeutic agents of these types can be covalently attached, encapsulated, or absorbed on to nanoparticles that are masked by PEGylation. In our opinion, masking the surface of nanoparticles is a key strategy for reducing toxicity and enhancing the circulation time of nanoparticles.
Adding targeting moieties to nanoparticles
Targeting of nanoparticles using surface bound targeting moieties is an approach for reducing toxicity [197] . Targeted nanoparticles have improved efficacy at much lower concentrations compared to untargeted agents thereby reducing toxicity [11, 12] . For example, antibody or peptide targeted immunoliposomes can improve drug efficacy and lower toxicity [38, 64] . Targeted delivery of a mixture of siRNA against MDM2, c-myc and VEGF (1:1:1) loaded in to nanoparticles inhibited melanoma metastasis by 70 -80% compared to free siRNA or non-targeted nanoparticles in experimental mouse models [198] . Mechanistically, targeted liposomes function by "active targeting" to recognize targeted cells to enhance therapeutic efficacy [198] . Active targeting of liposomes involves specific interaction of antibodies or peptides linked to the nanoparticle with receptors and uptake of encapsulated drugs by receptor-mediated endocytosis. Factors interfering with targeting might therefore influence drug delivery and liposomal efficacy [11] . Differences in efficacy of targeted liposomes could be due to changes in liposome accumulation, internalization, degradation or intracellular fate of the drug.
Selection of an appropriate ligand for targeting is a critical factor influencing the success of immunoliposomes or other immune-targeted nanoparticles. The selected ligand should be: (a) produced in large quantities requiring minimal purification steps; (b) stable; and, (c) be conjugated easily to the nanoparticles without affecting properties of either nanoparticles or ligand [14] . Among various ligands tested, antibodies are stable, easy to produce using hybridoma technology and can be highly selective. However, antibodies' Fc-receptor can cause accumulation of immunoliposomes in the liver and spleen, which has the potential to enhance immunogenicity [14] . To circumvent problems associated with Fc-receptors, recent emphasis has been on creating fragments of antibodies possessing only F(ab')2, Fab', and scFv. scFv fragments seem to be more effective and less cytotoxic, but are not stable [14] . In our opinion, targeting of nanoparticles to particular cells is a clear advantage of this technology, which could enable lower concentrations of the nanoparticle to be used resulting in fewer toxicological side effects. This approach should be used if a targeting moiety can be identified that could be used for targeted delivery into particular tumors or tumor cells.
Expert Opinion
6.1. What Does The Future Hold For Nanotechnology Based Drugs 6.1.1 Key findings and major weaknesses in nanotechnology related research -Use of nanotechnology for biomedical applications is growing rapidly with both beneficial and harmful effects on human health and the environment. Tremendous efforts have been devoted to enhance efficacy of drugs by increasing circulation in blood, enhancing intracellular penetration and aiding targeting moieties to specific cell or tumor types. Some of these nanoparticles have been evaluated clinically, while many others are still under preclinical evaluation. In our opinion, nanomedicine still has several limitations preventing its full clinical potential. For example, lack of reproducibility with respect to particle characterization and agent loading, methods to scale-up from laboratory preparations to bulk clinical grade formulations, appropriate assays to measure toxic contaminating substances and procedures to alleviate nanoparticles associated toxicities. These are areas that need attention in order to realize the full translational potential of nanomedicine in cancer, which is to develop non-toxic delivery vehicles and imaging agents for the treatment of cancer.
6.1.2.
Challenges to overcome in order to achieve the full potential of nanotechnology-Strategies to evaluate and accurately measure nanoparticles based toxicity and efficacy in cell culture as well as in animal systems remains a challenge to this field. Specifically, these challenges are: a) preparation strategies for protein and polysaccharide based nanostructures need improvement for obtaining evenly dispersed and stable nanoparticles; b) cytotoxicity, biodegradability, biocompatibility and immune response of nanoparticles need to be evaluated for clinical drug delivery; c) development and production of the nanoparticles are still at the laboratory scale, therefore, biologists and chemical engineers need to collaborate for the large-scale production of these nanoparticles and; d) combined efforts of bioengineers and toxicologist through chemical modification and nanomaterials sciences in designing nanoparticulate structures will improve the pharmacokinetics and biodistribution of the drug delivery system. 6.1.3. The future of nanomedicine-Nanotechnology will be used in the future to resolve a variety of issues related to cancer drug delivery and for the imaging of cnacer cells. Targeted drug therapies or "smart drugs" would be a boon in the field of cancer drug delivery and development. Sucessful agents would have fewer side effects and would be more effective at lower concentrations than traditional therapies. It is predicted that in the future, an increasing number of these types of agents will receive FDA approval for clinical evaluation. Moreover, efforts from the National Cancer Institute in establishing the Alliance for Nanotechnology in Cancer will enhance research capabilities and expand multidisciplinary team research in this field to advance prevention, diagnostic, and/or treatment efforts.
Particular area of interest in nanotechnology-
An interesting area of nanotechnology involves theranostics, which is the development of agents that could serve as both a therapeutic and imaging agents. This area could revolutionize medicine and form the basis for new, more effective treatments. In the future, nanotechnology will also aid the formation of molecular systems that may be strikingly similar to living systems. These tools could form the basis for regeneration or replacement of body parts lost due to infection, accident, or disease. Thus, the future for nanomedice remains bright and will become even more significant as issues such as nanoparticles toxicity are resolved. Schematics of routenely used tools and techniques for the charecaterization of nanomaterials/ nanoparticles. 
Types of nanoparticle for drug delivery and biomedical applications
Summary of various nanomaterials such as lipid, polymer, non-metal, metal, metal oxide, and semiconductor based nanoparticles being developed for drug delivery and biomedical applications.
Nanoparticles Applications
